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ABSTRACT
We study the linear polarization of the radio cores of eight blazars simultaneously at 22, 43, and 86
GHz with observations obtained by the Korean VLBI Network (KVN) in three epochs between late
2016 and early 2017 in the frame of the Plasma-physics of Active Galactic Nuclei (PAGaN) project.
We investigate the Faraday rotation measure (RM) of the cores; the RM is expected to increase with
observing frequency if core positions depend on frequency due to synchrotron self-absorption. We
find a systematic increase of RMs at higher observing frequencies in our targets. The RM–ν relations
follow power-laws with indices distributed around 2, indicating conically expanding outflows serving
as Faraday rotating media. Comparing our KVN data with contemporaneous optical polarization
data from the Steward Observatory for a few sources, we find indication that the increase of RM
with frequency saturates at frequencies of a few hundreds GHz. This suggests that blazar cores are
physical structures rather than simple τ = 1 surfaces. A single region, e.g. a recollimation shock, might
dominate the jet emission downstream of the jet launching region. We detect a sign change in the
observed RMs of CTA 102 on a time scale of ≈1 month, which might be related to new superluminal
components emerging from its core undergoing acceleration/deceleration and/or bending. We see
indication for quasars having higher core RMs than BL Lac objects, which could be due to denser
inflows/outflows in quasars.
Subject headings: BL Lacertae objects: individual (OJ 287, BL Lac, 1749+096) — qusars: individual
(3C 273, 3C 279, 3C 345, 3C 454.3, CTA 102, 0235+164, 1633+38) — galaxies:
active — galaxies: jets — polarization
1. INTRODUCTION
Blazars, characterized by violent flux variability
across the entire electromagnetic spectrum, are a sub-
class of active galactic nuclei (AGNs) which show
highly collimated, one-sided relativistic jets (see Urry
& Padovani 1995 for a review). Large-scale magnetic
fields which are strongly twisted in the inner part of
the accretion disc or the black hole’s ergosphere play
a crucial role in launching and powering of relativis-
tic jets (Blandford & Znajek 1977; Blandford & Payne
1982). Jets appear to be gradually accelerated and col-
limated magneto-hydrodynamically (Vlahakis & Ko¨nigl
2004; Komissarov et al. 2007, 2009; Asada & Nakamura
2012; Toma & Takahara 2013; Hada et al. 2013; Asada
et al. 2014; Mertens et al. 2016; Hada et al. 2017; Walker
et al. 2018) and they are directly linked to accretion pro-
cess onto supermassive black holes (Marscher et al. 2002;
Chatterjee et al. 2009, 2011; Ghisellini et al. 2014; Park
& Trippe 2017). Their parsec-scale radio morphology is
characterized by (a) the ‘VLBI core’, a (radio) bright,
optically thick, compact feature, and (b) an extended,
optically thin, jet (e.g., Fromm et al. 2013).
The nature of the core is a matter of ongoing debate.
The standard Blandford & Ko¨nigl jet model describes
the core as the upstream region where the conical jet
becomes optically thin, i.e., at unity optical depth (e.g.,
Blandford & Ko¨nigl 1979). In this scenario, the observed
core position shifts closer to the physical location of the
jet base at higher observing frequencies – the well-known
‘core shift effect’ (Lobanov 1998). Core shift has been
observed in blazars (e.g., O’Sullivan & Gabuzda 2009b;
Sokolovsky et al. 2011; Algaba et al. 2012; Pushkarev et
al. 2012; Fromm et al. 2013; Hovatta et al. 2014) as well
as in nearby radio galaxies (e.g., Hada et al. 2011; Mart´ı-
Vidal et al. 2011), supporting the idea that the radio core
marks the transition between the optically thick and thin
jet regimes.
However, the plain ‘optical depth interpretation’ of
the radio core ignores the physical structure of AGN jets.
Especially, a standing conical shock, located at the end of
the jet acceleration and collimation zone (e.g., Marscher
et al. 2008), is expected (see also Potter & Cotter 2013a,b
for a discussion of the transition region from a parabolic
to a conical jet shape that is dominating jet synchrotron
emission of blazars). Such a (quasi-)stationary feature –
a ‘recollimation shock’ – may appear when there is a mis-
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match between the gas pressures in the jet and the con-
fining medium (e.g., Daly & Marscher 1988; Go´mez et al.
1995, 1997; Agudo et al. 2001; Mizuno et al. 2015; Mart´ı
et al. 2016). Observations of the nearby radio galaxy M87
indeed reveal a stationary feature (known as HST-1) at
the end of the jet collimation region (Asada & Nakamura
2012), showing blazar-like activity such as rapid variabil-
ity and high energy emission (Cheung et al. 2007). In
addition, recent studies have discovered that most γ-ray
flares in blazars occur when new (apparently) superlu-
minal jet components pass through the core (Jorstad &
Marscher 2016, see also Ramakrishnan et al. 2014; Casa-
dio et al. 2015; Rani et al. 2015 for the case of individual
sources and Jorstad et al. 2001; Leo´n-Tavares et al. 2011
for investigation of statistical significance between the
two phenomena). This indicates that the core supplies
the jet plasma electrons with large amounts of energy,
with the possible formation of a shock as the source of
high energy emission.
At first glance, these two models and corresponding
observational support seem to be in contradiction. This
conflict is resolved if the core consists of (a) a standing
shock which is optically thin only at (sub)-mm wave-
lengths, plus (b) extended jet flows downstream of the
shock. In this case, there is no core shift expected at mil-
limeter wavelengths where the core becomes transparent.
Interestingly, a recent study which used a bona-fide as-
trometric technique showed that the core shift between
22 and 43 GHz for BL Lacertae is significantly smaller
than the expected one from lower frequency data, indi-
cating that the core at these frequencies might be iden-
tified with a recollimation shock (Dodson et al. 2017).
However, a number of previous studies did not find
such a trend at the same frequencies (e.g., O’Sullivan &
Gabuzda 2009b; Algaba et al. 2012; Fromm et al. 2013).
This might be because the core position accuracy of pre-
vious VLBI observations is comparable to the expected
amount of core shift at those frequencies.
An alternative route is provided by multi-frequency
polarimetric observations of the core that provide RMs,
defined as EVPAobs = EVPAint+RMλ
2, where EVPAobs
and EVPAint are observed and intrinsic electric vector
position angles (EVPAs) of linearly polarized emission
and λ is observing wavelength. If the core is the τ = 1
surface of a continuous conical jet and the jet is in a state
of energy equipartition, then the core RM obeys the re-
lation |RMcore,ν | ∝ νa, where a is the power-law index
of the electron density distribution given by Ne ∝ d−a,
with d being the distance from the jet base (Jorstad et
al. 2007). In this scenario, we observe polarized emission
from regions closer to the jet base at higher frequencies
due to the core shift effect, where one may expect higher
particle densities and stronger magnetic fields. Looking
at this argument the other way around, we would ex-
pect no increase in RM as a function of frequency at
millimeter wavelengths if the core is indeed a standing
recollimation shock. This provides the opportunity to
uncover the nature of blazar VLBI cores, and thus the
intrinsic structure of blazar jets, through multi-frequency
polarimetric observations at millimeter wavelengths.
At centimeter wavelengths, many studies showed
that the power law index a is usually distributed around
a = 2 (e.g., O’Sullivan & Gabuzda 2009a; Algaba 2013;
Kravchenko et al. 2017), corresponding to a spherical or
conical outflow (Jorstad et al. 2007). A conical outflow
is more likely than a spherical one because Pushkarev et
al. (2017) showed that conical jet geometries are common
in blazars. a ≈ 2 found in many blazars is in agreement
with the fact that many blazars show core shift at these
wavelengths. However, to the best of our knowledge,
there are only a few studies of the core RM of blazars at
(sub-)mm frequencies. Jorstad et al. (2007) analyzed 7,
3, and 1 mm polarization data and obtained an average
〈a〉 = 1.8± 0.5 by comparing with other studies done at
cm wavelengths. This result indicates that the depen-
dence of RM on observing frequency might continue up
to mm wavelengths. Some of their sources are not fitted
well by λ2 laws even at the highest frequencies, indicating
that a frequency dependence of RM exists even at around
1 mm. Another study using the IRAM 30-m telescope
at 3 and 1 mm found RMs (a few times 104 rad/m2)
that are much larger than those at cm wavelengths (a
few hundred rad/m2, Hovatta et al. 2012), albeit within
large errors (Agudo et al. 2014, see also Agudo et al.
2018a,b; Thum et al. 2018).
A recent observation with the Atacama Large Mil-
limeter Array (ALMA) at 1 mm has revealed a very high
rotation measure of (3.6 ± 0.3) × 105 rad/m2 in 3C 273
with the core RM scaling with frequency like |RM| ∝
ν1.9±0.2 from cm to mm wavelengths. Mart´ı-Vidal et
al. (2015) observed even larger RMs (≈ 108 rad/m2
in the rest frame) in the gravitationally lensed quasar
PKS 1830–211 through ALMA observations at up to 300
GHz (about 1 THz in the rest frame). These results
may suggest that (i) blazar core RMs rapidly increase
as a function of frequency, as predicted by Jorstad et
al. (2007); (ii) polarized (sub-)mm radiation might orig-
inate near the jet base, not from a recollimation shock
(which presumably is located quite far from the jet base).
However, it is uncertain whether this is a common be-
haviour of blazars or if these quasars are special. There-
fore, a systematic study of blazar core RMs with multi-
frequency polarimetric observations at (sub)mm wave-
lengths is necessary.
The Korean VLBI Network (KVN) has the unique
capability of observing simultaneously at four frequen-
cies, 22, 43, 86, and 129 GHz, or at two of these frequen-
cies in dual polarization mode (Lee et al. 2011, 2014).
Thanks to the simultaneous observation at multiple fre-
quencies, one can overcome rapid phase variations at high
frequencies caused by tropospheric delay that reduce the
coherence time by applying the fringe solutions obtained
at lower frequencies to higher ones, i.e., frequency phase
transfer (FPT) (Rioja et al. 2011, 2014; Algaba et al.
2015; Zhao et al. 2018). This technique increases the
fringe detection rate to values larger than 80% even at
129 GHz for sources brighter than ≈ 0.5 Jy, making the
KVN a powerful instrument for multi-frequency mm po-
larimetry of AGNs.
In early 2017, we launched a KVN large program,
the Plasma-physics of Active Galactic Nuclei (PAGaN)
project (see J.-Y. Kim et al. 2015; Oh et al. 2015 for
related studies), for monitoring about 14 AGNs at the
four KVN frequencies in dual polarization mode almost
every month.1 One of the main scientific goals of the
project is a systematic study of RMs of blazars at mm
1 https://radio.kasi.re.kr/kvn/ksp.php#ksp003
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TABLE 1
KVN Observation Log
Project code Obs. date Frequency D Term cal. σD[%] EVPA cal. ∆χ [
◦] σ∆χ [◦]
(1) (2) (3) (4) (5) (6) (7) (8)
p16st01i 2016 Dec 09
21.650 GHz OJ 287 1.22 3C 279, OJ 287 -28.79 1.04
86.600 GHz 3C 84 2.25 3C 279, OJ 287 112.76 0.90
p16st01j 2016 Dec 10
43.300 GHz OJ 287 0.70 3C 279, OJ 287 -19.52 2.37
86.600 GHz OJ 287 1.86 3C 279, OJ 287 125.86 2.65
p17st01a 2017 Jan 16
21.650 GHz 3C 84 0.57 3C 279, OJ 287 11.53 0.94
86.600 GHz OJ 287 1.25 3C 279, OJ 287 5.55 1.80
p17st01b 2017 Jan 17
43.100 GHz 3C 84 1.07 3C 279, OJ 287 54.29 0.33
129.300 GHz − − − − −
p17st01e 2017 Mar 22
21.650 GHz 3C 84 1.04 3C 279, OJ 287 -28.72 0.87
86.600 GHz OJ 287 1.59 3C 279, OJ 287, 3C 454.3 32.42 1.04
p17st01f 2017 Mar 24
43.100 GHz OJ 287 0.90 3C 279, OJ 287, BL LAC 9.07 1.37
129.300 GHz − − − − −
Note. — (1) KVN observations project code (2) observation date (3) starting observing frequency (4) sources used for instrumental
polarization calibration (5) Errors of D-terms estimated by comparing the D-terms obtained from different instrumental polarization
calibrators (6) sources used for EVPA calibration by comparing with contemporaneous KVN single dish observations (7) amount of
EVPA rotation applied (8) Errors of EVPA calibration estimated from ∆χ values of different sources in (6). We note that we did
not include the 129 GHz observations in our analysis due to the complicated polarization calibration at this frequency. A dedeciated
study for investigating the capability of polarimetry at this frequency will be presented elsewhere.
wavelengths and their evolution in time. In this paper,
we present the results from three observation epochs lo-
cated between late 2016 and early 2017, which were per-
formed as test observations for the initiation of the large
program. We describe observations and data calibration
in Section 2. Results are shown and discussed in Sec-
tion 3 and 4, respectively. In Section 5, we summarize
our findings.
2. OBSERVATIONS AND DATA REDUCTION
We observed a total of 11 sources in the 22, 43, and
86 GHz bands with the KVN on 2016 December 9–10
and in the four bands including the 129 GHz band on
2017 January 16–17 and 2017 March 22–24 with obser-
vation time of ≈ 48 hours for each epoch. Since KVN
can observe at two frequencies simultaneously in dual
polarization mode, we allocated the first half of the ob-
serving time to 22/86 GHz observations and the other
half to 43/129 GHz. Although we obtained the data at
129 GHz in the two epochs observations, we had a diffi-
culty in polarization calibration of the data and thus we
did not include them in this paper. More sophisticated
investigation of the 129 GHz data will be presented in
a forthcoming paper (Kam et al. in preparation). All
sources were observed in 6–15 scans of 5–20 minutes in
length, depending on source declination and brightness.
We performed cross-scan observations at least twice per
hour to correct antenna pointing offsets that might lead
to inaccurate correlated amplitudes. The received signals
were 2-bit quantized and divided into 4 sub-bands (IFs)
of 16 MHz bandwidth for each polarization and each fre-
quency. Mark 5B recorders were used at recording rates
of 1024 Mbps. The data were correlated with the DiFX
software correlator in the Korea-Japan Correlator Center
(Lee et al. 2015a). Table 1 summarizes our observations.
A standard data post-correlation process was per-
formed with the NRAO Astronomical Image Process-
ing System (AIPS). Potential effects of digital sampling
on the amplitudes of cross-correlation spectra were esti-
mated by the AIPS task ACCOR. Amplitude calibration
was done by using the antennas gain curves and opacity
corrected system temperatures provided by the observa-
tory. The fringe amplitudes were re-normalized by taking
into account potential amplitude distortion due to quan-
tization, and the quantization and re-quantization losses
(Lee et al. 2015b).
The instrumental delay residuals were removed by
using the data in a short time range of bright calibra-
tors, either 3C 279 or 3C 454.3. To apply the FPT
technique, a global fringe fitting was performed with a
solution interval of 10 seconds for the lower frequency
first (22 or 43 GHz), which led us to very high fringe
detection rates & 95% in most cases. Then, we trans-
ferred the obtained fringe solutions to the simultaneously
observed higher frequency (86 GHz). This process cor-
rects rapidly varying tropospheric errors in the visibility
phases at high frequencies (though not the ionospheric
errors that vary more slowly). Then, the residual phases
have much longer coherence times, typically larger than
a few minutes. Thus, we performed a global fringe fit-
ting with a much longer solution interval of ≈ 3 min-
utes for the high frequency data, which resulted in quite
high fringe detection rates – usually larger than 95% at
86 GHz for our sources. Bandpass calibration was per-
formed by using scans on bright sources such as 3C 279.
The cross-hand R-L phase and delay offsets were cal-
ibrated by using the data for bright sources, such as OJ
287, 3C 84, 3C 279 and 3C 454.3, located within short
time ranges, with the task RLDLY. We used the Caltech
Difmap package for imaging and phase self-calibration
(Shepherd 1997). Typical beam sizes are 5.6 × 3.2,
2.8 × 1.6, and 1.4 × 0.8 mas at 22, 43, and 86 GHz,
respectively. We determined the feed polarization leak-
age (D-terms) for each antenna by using the task LPCAL
(Leppa¨nen et al. 1995) with a total intensity model of the
D-Term calibrators. 3C 84 usually serves as a good D-
Term calibrator thanks to its high flux density and very
low degree of linear polarization (.0.5%) at lower fre-
quencies but less so at high frequency (86 GHz) where its
linear polarization becomes non-negligible (Kam et al., in
preparation). Thus, we also used a compact, bright, and
polarized source OJ 287 at 86 GHz. We chose the D-
Term calibrator for each epoch and for each frequency
by comparing the behaviour of observed visibility ratios
on the complex plane with the D-Term models of differ-
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ent calibrators (see Appendix A). The EVPA calibration
was performed by comparing the integrated EVPAs of
the VLBI maps of the EVPA calibrators after the in-
strumental polarization calibration with contemporane-
ous KVN single dish polarization observations. We per-
formed KVN single dish observations within two days
of each VLBI observations as described in Kang et al.
(2015). For the 2016 data, we have two 86 GHz data sep-
arated by 1 day. We note that the maps for all sources
after the calibration are almost identical to each other
and we used the average of Stokes I, Q, and U maps of
the two data for our further analysis.
Estimating errors for degree of linear polarization
(m) and EVPA is important but not straightforward.
Errors for each polarization quantity can be derived from
the following relations:
σp =
σQ + σU
2
(1)
σEVPA =
σp
2p
(2)
σm =
σp
I
(3)
where σQ and σU denote rms noise in the Stokes Q and U
images, respectively, p =
√
Q2 + U2, and m = p/I (Ho-
vatta et al. 2012). In most cases, random errors are quite
small and systematic errors are much more dominant in
the above quantities. Imperfect D-term calibration is
usually the most dominant source of errors in m. For
EVPAs, both the D-term uncertainty and EVPA correc-
tion error are important. Following Roberts et al. (1994),
errors of m and EVPA caused by residual D-terms can
be expressed as:
σm,D = σD(NaNIFNs)
−1/2 (4)
σEVPA,D ≈ σm,D
2m
(5)
where σD is the D-term error, Na andNIF are the number
of antennas and IFs, respectively, and Ns is the number
of scans having independent parallactic angles which de-
pend on the source declination. We estimated the D-term
errors by comparing the D-terms obtained from different
D-Term calibrators (see (5) in Table 1 and Appendix A)
and estimated σm,D and σEVPA,D using Equation 4 and 5.
Thanks to the number of IFs being four and the large par-
allactic angle coverage of our sources, we could achieve
errors in m (typically 0.1− 0.3%) much smaller than the
D-Term errors (typically 1 − 2%). We also assessed the
EVPA correction error, σ∆χ, by comparing the amount
of EVPA rotation calculated from different EVPA cali-
brators (see (6) and (8) in Table 1). Then, we added σm
and σm,D quadratically for m and σEVPA, σEVPA,D, and
σ∆χ quadratically for EVPA.
In the Appendix, we show the results of D-term
calibration and the temporal evolution of the D-terms.
The overall D-terms are usually less than ≈ 10%, except
for Ulsan station at 86 GHz which showed D-terms as
large as ≈ 20%. The D-terms obtained from different
calibrators are quite consistent with each other, show-
ing standard deviations of . 2% (see (5) in Table 1).
The D-terms are more or less stable over ≈ 3 months,
showing standard deviations of . 2%. We also compare
our KVN 22/43 and 86 GHz data of 3C 273 observed in
2016 December with contemporaneous Very Long Base-
line Array (VLBA) 15/43 GHz data, respectively. Both
fractional polarization and EVPAs at a few different lo-
cations in the jet are in good agreement within errors
between the data of the different instruments, consid-
ering non-negligible time gaps between the observations
and the expected RM of a few hundred rad/m2 in the jet
(e.g., Hovatta et al. 2012).
3. RESULTS
3.1. RM at radio wavelengths
In Figure 1, we present polarization maps for mul-
tiple frequencies convolved with the KVN 22 GHz beam
size (left panels), EVPAs at the core as a function of
λ2 (central panels), and RMs as a function of geometric
mean observing frequency (right panels). We obtained
one RM value from each adjacent data pair in the EVPA–
λ2 plots because we could not obtain good λ2 fits across
the three bands in most cases. We have to rotate the
22 and 43 GHz EVPAs by more than 720◦ and 180◦ to
explain this behavior with npi ambiguity, which trans-
lates into RM & 105 rad/m2. This RM value is too large
especially at 22 GHz because almost all of the detected
core RM of blazars are less than 1000 rad/m2 at . 15
GHz (Hovatta et al. 2012). Alternatively, different opti-
cal depths of the cores at different frequencies might be
responsible for the non-λ2 fits. Especially, EVPA rota-
tions by 90◦ are expected in case of a transition of the
core from optically thick to optically thin (Pacholzcyzk
1970). We provide the spectral index, α in Sν ∝ να,
between adjacent frequencies in columns (3) and (4) in
Table 1 and in the center panels of Figure 1 (blue aster-
isks). We found that values of α measured at different
frequency pairs differ from each other by more than 1σ
in only four cases, 3C 279 in 2017 January, OJ 287 in
2017 January, 3C 345 in 2017 January, and BL Lac in
2017 March. When we rotate the EVPAs at the lowest
frequency by 90◦ for these cases, we are left with even
worse λ2 fits (higher χ2 values) compared to the case of
no rotation. In addition, the degree of polarization is
not much different, less than a factor of ≈ 2, at different
frequencies (Section 3.3), while it should decrease by a
factor of ≈ 7 if there were a 90◦ flip (Pacholzcyzk 1970).
Therefore, the progressively steeper EVPA rotations at
higher frequencies are more likely to be due to the core
shift effect, as shown in the numerical simulations of spe-
cial relativistic magnetohydrodynamic jets (Porth et al.
2011).
We identified the origin (0,0) of the maps with the
location of the cores. This might not be always the case
exactly; however, the beam size is quite large and thus
the effect of an offset of the core position from the origin
would be insignificant. We summarize our sources’ basic
information and their observed polarization quantities in
Table 2. We note that we did not consider the effect of
the integrated (Galactic) RM because it is a few hun-
dreds rad/m2 at most (e.g., Taylor et al. 2009); this is
much smaller than the typical RM error we obtain, and
at the KVN frequencies the EVPA rotation due to the
integrated RM is negligible.
Since the beam sizes are quite different at different
frequencies, we need to quantify the errors in polariza-
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Fig. 1.— Left : Contours show naturally weighted CLEAN maps. The lowest contour level starts at 3–5 times the rms noise in the
maps. Colors show the degree of linear polarization in units of %. Red ticks show distribution of EVPAs with their lengths proportional
to polarized intensity (not degree of polarization). The maps at different observing frequencies are shifted by 20 mas along the x-axis. The
gray shaded ellipses show the beam size of the KVN at 22 GHz. All maps from different frequencies are convolved with this beam. For OJ
287, we include contemporaneous MOJAVE data at 15 GHz in our analysis (see Section 3.1.2). Observation dates are noted in the upper
right corner of each panel. Center : EVPA (black diamonds, values on the left axis) and spectral index (blue asterisks, values on the right
axis) at the core as function of λ2 (geometrical mean λ2 for spectral index). Right : RM as function of geometric mean observing frequency.
Each data point is obtained from two adjacent data points for EVPAs in the corresponding central panel. The dashed lines are power-law
functions fitted to the data points, the best-fit power-law indices a are noted. All RM values are rest frame values.
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Fig. 1.— Continued.
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Fig. 1.— Continued.
tion quantities introduced by the convolution of all maps
with the 22 GHz beam. We compared m and EVPA
at the core found with and without using convolution
for each source at each frequency and added the differ-
ences quadratically to the errors of m and EVPA found
from convolved maps, respectively. Using contemporane-
ous BU VLBA maps, We identified and excluded sources
which have complex polarization structure near the core
that cannot be resolved with the KVN; this leaves us
with eight sources. We briefly describe the results for
individual sources below.
3.1.1. 3C 279
This source is characterized by longitudinal (i.e.,
parallel to the jet direction) EVPAs that show a smooth
distribution from the core to the inner jet2 (e.g., Jorstad
et al. 2005). Similarly, our KVN maps show basically
longitudinal EVPAs but rotated by up to ≈ 20◦ as func-
tion of frequency. RMs between adjacent frequency pairs
range from ≈ 103 to ≈ 104 rad/m2. We fitted a power
law function to the RMs as a function of geometrical
mean observing frequency and obtained the power law
2 The term ‘inner jet’ denotes any polarized component in the
jet that can be resolved from the core by instruments with higher
angular resolution than the KVN but cannot be (well) resolved by
the KVN itself, like the extended linear polarization structure of
3C 279 at ≈ 1 mas from the core seen in the BU map of 14 Jan-
uary 2017 (see https://www.bu.edu/blazars/VLBA_GLAST/3c279/
3C279jan17_map.jpg)
index a in the relation |RM| ∝ νa. Since we calculate
each RM value from only two data points, the RM er-
rors are relatively large, which results in relatively large
errors in a. However, a values in all three epochs show a
good agreement with a = 2–3, which is quite consistent
with the results of previous KVN single-dish polarization
monitoring of 3C 279 (Kang et al. 2015). We note that
the core EVPAs of this source might be contaminated by
polarization from the inner jet. However, EVPA rota-
tion of the inner jet region is expected to be very small at
& 22 GHz because of a relatively small RM in that region
(. 250 rad/m2; Hovatta et al. 2012). Therefore, we con-
clude that the observed EVPA rotation over frequency
of this source is dominated by the core polarization.
3.1.2. OJ 287
For this source, we could find contemporaneous
VLBA data at 15 GHz from the MOJAVE program3,
observed on 2017 January 28 and March 11, with our
KVN data being obtained on 2017 January 17–18 and
March 22–24, respectively. We included those data in
our analysis after convolving the 15 GHz maps with the
KVN 22 GHz beam (because the KVN beam is larger
than the VLBA one even though it is at a higher fre-
quency.) This source has shown slow and gradual EVPA
variation in time and thus a potential variability during
3 http://www.physics.purdue.edu/astro/MOJAVE/index.html
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the time gap between the MOJAVE and our KVN ob-
servations (. 2 weeks) would not be significant (see the
AGN monitoring database of the 26-meter University of
Michigan Radio Astronomy Observatory4). In addition,
OJ 287 has been known for relatively small RMs at cm
wavelengths (e.g., Hovatta et al. 2012). Our KVN maps
are consistent with zero RM (within errors) in 2016 De-
cember. However, in the 2017 January data, EVPA ro-
tations from 15 to 86 GHz in the same direction being
steeper at higher frequency pairs are observed, which re-
sults in a = 0.98 ± 0.66. In the 2017 March data, the
EVPA rotations between 15 and 43 GHz were almost
zero within errors but a relatively large rotation with
|RM| ≈ 5× 103rad/m2 was detected at 43/86 GHz.
3.1.3. CTA 102
This source shows a high degree of polarization, up
to ≈ 40%, in its jet at 22 GHz but becomes compact at
higher frequencies. The EVPAs rotate rapidly as func-
tion of frequency, with different slopes in the EVPA–λ2
diagram between 22/43 GHz and 43/86 GHz. RMs at
43/86 GHz are a few times 104 rad/m2 in the source
rest frame in both epochs. However, a value in the 2016
December data is much larger than that in the 2017 Jan-
uary data. The signs of RMs are different in our two
epochs, while their absolute values are of the same order
of magnitude. This behavior suggests that the line-of-
sight component of the jet magnetic field changed its di-
rection within ≈ 1 month, while magnetic field strength
and electron density (or at least their product) did not
vary substantially. This sign change might be related to
a strong flare that occurred during our KVN observa-
tions (Raiteri et al. 2017). We discuss possible reasons
for the sign flip in CTA 102 in Section 4.4.
3.1.4. 3C 345
This source shows almost the same RMs at 22/43
and 43/86 GHz, |RM| ≈ 104 rad/m2 in the 2016 De-
cember data, with a being consistent with zero within
errors. However, the RM at 43/86 GHz is much larger
than that at 22/43 GHz about one month later, result-
ing in a = 1.86 ± 0.3. These results indicate that there
is substantial time variability in this source. Similarly
to the case of CTA 102, this source shows a flare during
our KVN observations and the flux density in early 2017
is almost three times higher than that in mid 2016 at 1
mm.5
3.1.5. 1749+096
This source displays a rather compact jet geome-
try at all frequencies and in both epochs (2016 Decem-
ber and 2017 March). Interestingly, the degree of linear
polarization is larger at lower frequencies, which is not
usually seen in other sources (Section 3.3). This might
suggest that we are looking at a mixture of different po-
larization components with different EVPAs and/or RMs
or that internal Faraday rotation occurs in this source
4 https://dept.astro.lsa.umich.edu/obs/radiotel/gif/
0851_202.gif
5 http://sma1.sma.hawaii.edu/callist/callist.html?plot=
1642%2B398 This might be related to a substantial change in a
within ≈ 1 month for this source, though the sign of RM does not
change during the period.
(Section 4.3). The values of RM range from ≈ 103 to
≈ 104 rad/m2 in both epochs data. The values of a are
consistent within errors. Therefore, the sign, absolute
value, and frequency dependence of RM appear to be
stable over ≈ 3 months.
3.1.6. 0235+164
This source shows a rather compact jet geometry. A
systematic rotation of EVPAs in the same sense as func-
tion of frequency can be seen from 22 to 86 GHz. RMs
range from ≈ 103 to ≈ 2× 104 rad/m2, with a substan-
tially larger RM at a higher frequency pair, resulting in
a = 3.47± 1.18.
3.1.7. BL LAC
The EVPA–λ2 diagram shows a steeper slope be-
tween 43 and 86 GHz than between 22 and 43 GHz, pro-
viding a = 2.65 ± 0.61. RM values range from ≈ 103
to ≈ 6 × 103 rad/m2. This is consistent with previous
measurements of the core RM between 15 and 43 GHz
(O’Sullivan & Gabuzda 2009a; Go´mez et al. 2016). How-
ever, the high resolution RadioAstron space VLBI image
shows a complex RM structure in the core region in-
cluding a sign change, indicating the presence of helical
magnetic fields there (Go´mez et al. 2016). Therefore, we
may be looking at a blend of those structures in our KVN
images (see Section 4.7).
3.1.8. 1633+38
This source is relatively faint and shows a low degree
of linear polarization (≈ 2%) which leads to relatively
large EVPA errors. Thus, the RM at 43/86 GHz is com-
parable to its error and the obtained a = 1.91 ± 1.96
has also a large error. When fitting a single linear func-
tion to the EVPAs at the three frequencies available,
we obtained RM = 974 ± 509 rad/m2. This is surpris-
ingly low because a very high RM, ≈ 2.2 × 104 rad/m2,
was reported previously for the core of this source using
six different frequencies from 12 GHz to optical wave-
length (Algaba et al. 2012). We found that EVPAs at
the core of this source in the MOJAVE program are 44◦
and 32◦ in 2016 November and 2017 April, respectively.
If there is no substantial EVPA variability in between
these two epochs, then a simple λ2 fit can explain the
data from 15 to 86 GHz, suggesting that there is no
npi ambiguity in our data and that the core RM of this
source is indeed quite small. The observations in Algaba
et al. (2012) were performed in 2008 November which
indicates that there is substantial temporal variability
of the EVPA rotation in 1633+38. Four years before
their observations, core EVPAs could not be fitted with
a single λ2 law and the obtained RM value was much
smaller, RM = −570± 430 rad/m2 (Algaba et al. 2011).
This also suggests substantial temporal RM variability
in 1633+38.
3.2. Optical EVPAs from the Steward observatory
For a few sources, we obtained quasi-
contemporaneous (taken within .1 week) optical
polarization data from the Steward Observatory blazar
monitoring program6 (see Smith et al. 2009 for details)
6 http://james.as.arizona.edu/~psmith/Fermi
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Fig. 2.— Same as the central and right panels of Figure 1 but combined with contemporaneous optical data (see Table 3). We obtained
the frequency νtrans where the power-law increase of the RM measured at radio frequencies intersects with the RM obtained with the
optical data points (horizontal dotted lines). The values of the power-law index a and νtrans are given at the bottom right of the right
panels. All RM and frequency values are in the source rest frame.
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Fig. 2.— Continued.
for some epochs. We summarize the optical data we
used in Table 3. (We excluded some additional datasets
due to their large errors.) The optical polarimetry
errors are usually quite small, . 1◦, unless sources are
very weakly polarized. However, optical polarization
of blazars often show rapid variability on short time
scales (e.g., Jorstad et al. 2013) presumably due to a
smaller size of the emission region at higher frequencies
(Marscher 1996). In order to take into account the
uncertainty arising from the time gap between optical
and radio observations we estimated errors from source
variability as follows.
The Steward Observatory blazar monitoring pro-
gram usually observes each source multiple times for a
specified period spanning a few days in a broad opti-
cal band from 500 to 700 nm. We selected all data
in the periods that are close to our KVN observations
and used the mean and standard deviation of the data
points as representatives of optical EVPA and typical er-
ror, respectively. We assumed that their optical EVPAs
show random-walk type variations with time. (In addi-
tion to statistical variability, many blazars occasionally
show smooth, systematic optical EVPA rotations that
might be associated with high energy flares; e.g., Blinov
et al. 2015). We multiplied the observed standard de-
viation by the square root of the ratio of the time gap
between optical and radio observations to the duration
of the period in which a set of optical data was obtained.
Under this assumption, the longer the time separation,
the larger the formal uncertainty of an optical EVPA at
the time of the corresponding radio observation.
Due to lack of frequency coverage between 86 GHz
and optical wavelengths, we suffered from potential npi
rotation of the optical EVPAs. Therefore, we assumed
that the optical EVPAs of our sources rotate in the same
direction as the ones at mm wavelengths and that the
EVPA rotation between 86 GHz and the optical band
does not exceed pi. We present the optical EVPA values
of three sources in Table 3 and plot them with the core
EVPAs from our KVN observations in the left panel of
Figure 2. We also show the RMs obtained from each ad-
TABLE 3
Optical Data from the Steward Observatory
Source Obs. date χopt [◦] νtrans [GHz]
CTA 102
11/30/16–12/02/16 −216.5± 31.4 244+701−93
01/10/17–01/13/17 111.7± 12.6 591+1467−276
3C 279 01/10/17–01/14/17 85.2± 2.7 209+697−71
BL LAC 03/29/17–03/30/17 −8.9± 26.1 138+298−65
Note. — χopt is the EVPA at optical wavelengths taken from the
blazar monitoring program of the Steward Observatory. We used the
mean value of the EVPAs observed in the noted period as χopt (see
text for explanation of npi ambiguity and error estimation). νtrans
shows the frequency on the source’s rest frame at which the power-
law increase of RM at radio frequencies is expected to stop (see the
right panel of Figure 2).
jacent frequency pair in the RM–frequency diagram (the
right panels of Figure 2). Our assumption on npi rotation
appears reasonable because the optical EVPAs follow the
trend of EVPA rotation established at radio frequencies,
although we cannot rule out the possibility of coincidence
because of the low number of sample. The RMs obtained
from the EVPA difference between 86 GHz and the op-
tical frequencies are about an order of magnitude higher
than the values obtained from the frequency pair 43/86
GHz. We note that the observed RMs between 86 GHz
and optical light exceed the minimum possible measur-
able RM by an order of magnitude except for BL Lac for
which the observed RM is about two times the minimum
measurable RM.
The power-law increase of RM as a function of fre-
quency does not continue to optical wavelengths but sat-
urates at a certain frequency (right panel of Figure 2).
We used the term transition frequency, νtrans, for this
frequency. We calculated asymmetric errors on νtrans
via Monte-Carlo simulations by adding Gaussian ran-
dom numbers to the best-fit parameters of the radio RM–
ν power-law relation with standard deviations identical
to their 1σ errors. The obtained νtrans are distributed
from 138 to 591 GHz in the source rest frame for differ-
ent sources and in different epochs (Table 3). We note
that νtrans for BL Lac is consistent with the observed
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Fig. 3.— Degree of core linear polarization as function of λ. The dashed lines are the best-fit power-law functions, m ∝ λβ , to the data
points. The polarization spectral indices, β, are noted in each panel.
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frequency of 86 GHz within 1σ because of the relatively
large minimum measurable RM.
3.3. fractional polarization
We present the degree of linear polarization m as
function of λ in Figure 3. Various de-polarization mod-
els are available to explain the evolution of m with wave-
length (see O’Sullivan et al. 2012; Farnes et al. 2014 for
summaries). In principle, m− λ scalings can be used to
determine whether the emitting region and the Faraday
screen are co-spatial or not, whether magnetic fields in
the screen are regular or turbulent, whether there are
multiple components with different polarization proper-
ties on scales smaller than the spatial resolution, and so
on (Burn 1966; Conway et al. 1974; Tribble 1991; Sokoloff
et al. 1998). However, we did not try to apply those mod-
els to our data because (i) our data provide sparse fre-
quency sampling over a limited frequency range, (ii) the
models are mostly appropriate for optically thin emitters
while we are dealing with (partially) optically thick cores,
and (iii) different observing frequencies might probe dif-
ferent physical regions, as suggested by the complicated
χ − λ2 scalings of the EVPAs. Instead, we obtain a po-
larization spectral index β by fitting m ∝ λβ to our data
(Table 1, see Farnes et al. 2014), which could be used
for future theoretical studies (e.g., Porth et al. 2011)
and for comparison with observations at lower frequen-
cies (e.g., Farnes et al. 2014). We refer the readers to
detailed studies of degree of linear polarization at differ-
ent wavelengths of AGNs using broadband radio spectro-
polarimetric observations (e.g., O’Sullivan et al. 2012,
2017; Hovatta et al. 2018; Pasetto et al. 2018) and inves-
tigating spatially resolved optically thin emitting regions
with multi-frequency VLBI observations (e.g., Hovatta
et al. 2012; Kravchenko et al. 2017). The median, mean,
and standard deviation of β are -0.11, -0.17, and 0.38, re-
spectively. All sources show β . 0 except for 1749+096
which showed β ≈ 0.5 in both epochs (2016 December
and 2017 March).
4. DISCUSSION
In this section, we interpret the results of the core
polarization properties of eight blazars, five flat spectrum
radio quasars (FSRQs) and three BL Lac objects (BLOs).
4.1. RM distributions at different frequencies
We present the distributions of the absolute RM val-
ues for different frequency pairs in the left panel of Fig-
ure 4. We excluded RM values whose absolute values are
smaller than their 1σ errors. The histograms show that
the median RM increases with frequency. We note that
the minimum possible measurable RMs are 440 and 2038
rad/m2 at 22/43 and 43/86 GHz, respectively, assuming
a typical EVPA error of 2◦, 3◦, and 3◦ at 22, 43, and
86 GHz, respectively. As is evident in Figure 4, the RM
values we found are much larger than these minimum
possible measurable RMs. Notably, the trend of increas-
ing RMs with increasing observing frequencies cannot be
produced artificially.
We collected the median core RMs at cm wave-
lengths for our sources from Hovatta et al. (2012) and
show all median RM values as function of frequency in
the right panel of Figure 4. As expected, RMs increase
with increasing frequency (355, 2620, and 14200 rad/m2
for 8.1–15.4, 22–43, and 43–86 GHz, respectively). Un-
weighted fitting of a power-law function returns a best-fit
power-law index a = 2.42. Although the sample size is
small and the standard deviations of the RM distribu-
tions are large, the obtained power-law index is quite
close to a = 2, indicating that Faraday rotating media
of blazars core can be represented as conical outflows
statistically (Jorstad et al. 2007).
Instead of comparing RM distributions of all sources
at different frequencies, we collected the power-law in-
dices a obtained for each source in Figure 5. We have 13
measurements in total, with some sources having more
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than one measurement. The mean and standard devia-
tion of all a values are a = 2.25±1.28, which is consistent
with a = 2 and the fitting results for the median values
of RM distributions at different frequencies. Our results
are also consistent with previous studies of blazars at
both cm and mm wavelengths (e.g., Jorstad et al. 2007;
O’Sullivan & Gabuzda 2009a; Algaba 2013; Kravchenko
et al. 2017; Hovatta et al. 2018). However, many a values
are located far from the mean value, which potentially
indicates a bimodal distribution. Assuming a power-law
electron density distribution as function of jet distance
(d), Ne ∝ d−a, toroidal magnetic fields dominant in the
Faraday screen, B ∝ d−1, a conical geometry of the Fara-
day screen, dl ∝ d and a = 2, and energy equiparti-
tion, dcore ∝ ν−1, one obtains RMcore ∝
∫
NeBdl ∝ ν2
(Jorstad et al. 2007). If some of these assumptions are
not satisfied, one might expect deviations from a a = 2
scaling. For example, there is growing evidence for a
parabolic geometry of the blazar cores (e.g., Algaba et
al. 2017; Pushkarev et al. 2017). In some cases, a need
for helical magnetic fields instead of dominant toroidal
fields in blazars has been pointed out (e.g., Zamaninasab
2013). Likewise, the assumption of energy equipartition
between radiating particles and magnetic fields may not
hold for some sources (e.g., Homan et al. 2006). How-
ever, it is difficult to determine accurate a values for each
source with the current data only due to source variabil-
ity and relatively large errors in a. For example, the val-
ues of a are likely related with source’s flaring activity as
seen in the case of CTA 102 and 3C 345 (see Section 3.1.3
and 3.1.4). We expect that our monthly monitoring pro-
gram will allow us to investigate the reason for potential
difference in a values for different sources and in differ-
ent epochs, together with the detailed information of the
compact core region provided by the ultra high resolution
arrays such as the Global Millimeter-Very Long Baseline
Interferometry Array (GMVA, see e.g., J.-Y. Kim et al.
2016) or the Radioastron space VLBI (e.g., Go´mez et al.
2016).
4.2. Change of core opacities from optically thick to thin
In Section 3.2, we show that the power-law increase
of RM as a function of frequency might not continue
to optical wavelengths but flatten out at a certain fre-
quency, νtrans. We suggest that the cores of blazars be-
come fully transparent at ν > νtrans, meaning no core-
shift and thus no more frequency dependence of RM at
those frequencies. Accordingly, the radio core may be
a standing recollimation shock at ν > νtrans. For CTA
102, νtrans increased substantially from ≈ 240 GHz to
≈ 590 GHz within one month, albeit within large er-
rors (Table 3). This might be related to a strong flare
that occurred at the time of our observations (see Sec-
tion 3.1.3) which ejected a large amount of relativistic
electrons into the core, causing it to become optically
thick. We obtained νtrans ≈ 210 and 140 GHz for 3C 279
and BL Lac, respectively. This result seems to be in line
with recent astrometric observations of BL Lac which
found a systematic deviation of the amount of core-shift
from the one expected for a Blandford–Ko¨nigl type jet at
22/43 GHz (Dodson et al. 2017). Likewise, the scaling
of synchrotron cooling time with frequency in BL Lac
matches a standing shock better than an optically thick
jet (D.-W. Kim et al. 2017). In summary, one may ex-
pect no frequency dependence of RM and no core-shift
above ≈ 140 GHz for BL Lac and above ≈ 210 GHz
for 3C 279 and CTA 102. However, we stress that the
conclusions presented in this section are valid only when
the assumptions of (a) no npi ambiguity and (b) EVPA
rotations in the same sense from mm to optical hold.
We will study core opacity evolution and RM saturation
further with dedicated upcoming multi-frequency obser-
vations at mm and sub-mm, combining data from KVN
and ALMA (Park et al., in preparation).
4.3. The Faraday screen
Identifying the source of Faraday rotation is very
difficult. As the amount of Faraday rotation is inversely
proportional to the square of the mass of charged par-
ticles, thermal electrons and/or low-energy end of ra-
diating non-thermal electrons would be the dominant
source of the observed RM. If those Faraday rotating
electrons are mixed in with the emitting plasma in jets,
internal Faraday rotation occurs. However, if the rotat-
ing medium is located outside the jet, e.g., in a sheath
surrounding the jet or the broad/narrow line regions
(BLRs/NLRs), then the observed Faraday rotation is ex-
ternal to the jet. Theoretical models assuming an opti-
cally thin jet with spherical or slab geometries showed
that it is very difficult for internal Faraday rotation to
cause EVPA rotations larger than 45◦ without severe de-
polarization (Burn 1966). Multiple studies showed that
many blazars indeed have EVPA rotations larger than
45◦ without significant depolarization, indicating that
the source of Faraday rotation is external to the jets
usually (e.g., Zavala & Taylor 2003, 2004; Jorstad et
al. 2007; O’Sullivan & Gabuzda 2009a; Hovatta et al.
2012). A sheath surrounding the jet is considered to
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be the most viable candidate for an external Faraday
rotating medium; in addition, BLRs/NLRs are unlikely
sources of RM given the time variability of RMs in jets
and volume filling factor arguments (Zavala & Taylor
2002, 2004; Hovatta et al. 2012). Nevertheless, there is
indication for potential internal Faraday rotation in some
sources (Hovatta et al. 2012).
We cannot identify the Faraday screen from our data
because of their limitations (Section 3.3). Nevertheless,
we note that the observed RM–frequency relations hav-
ing a ≈ 2 (Section 4.1) and the polarization spectral
indices being predominantly negative (β . 0) for our
sources support the conclusion of previous studies that
an external jet sheath acts as Faraday screen (Zavala &
Taylor 2002, 2004; Hovatta et al. 2012). However, for
1749+096 we observed the degree of fractional polariza-
tion at high frequencies to be smaller than the one at
lower frequencies, with β ≈ 0.5 in both epochs (2016 De-
cember 9 and 2017 March 24) – which is almost impossi-
ble to explain with any standard external depolarization
model (Hovatta et al. 2012). Such ‘inverse depolariza-
tion’ can be due to blending of different polarized inner
jet components at different frequencies (Conway et al.
1974) or internal Faraday rotation in helical or loosely
tangled random magnetic field configurations (Homan
2012).
4.4. RM sign change
We observed a RM sign change for CTA 102 within
≈1 month, while the absolute values of RM did not
change much (Figure 1). Previous studies found tem-
poral sign reversals in RMs for other sources (e.g., Mah-
mud et al. 2009; Lico et al. 2017), sign reversals between
core and jet (e.g., Mahmud et al. 2013), and sign rever-
sals in the cores at different frequencies intervals (e.g.,
O’Sullivan & Gabuzda 2009a). Scenarios proposed to
explain such RM sign changes include: (i) a reversal of
the magnetic pole of the black hole facing the Earth; (ii)
torsional oscillations of the jet; (iii) a ‘nested-helix’ mag-
netic field structure; and (iv) helical magnetic fields in
jets seen at different orientations due to relativistic ab-
beration, depending on whether θΓ is larger or smaller
than 1, where θ is the viewing angle and Γ is the bulk
Lorentz factor of jets (see Mahmud et al. 2009, 2013 for
(i)-(iii) and O’Sullivan & Gabuzda 2009a for (iv) for de-
tails). Although all scenarios are possible theoretically,
we focus on the fact that CTA 102 underwent a rela-
tively strong flare in the period of our KVN observations
(Section 3.1.3).
Evidence for the presence of helical magnetic fields
in AGN jets has been provided by many studies, starting
with the detection of a transverse RM gradient in the
jet of 3C 273 (Asada et al. 2002) which was later con-
firmed by other studies (Zavala & Taylor 2005; Hovatta
et al. 2012). Similar behaviour has been found in many
BL Lac objects (e.g., Gabuzda et al. 2004, 2015), ra-
dio galaxies (e.g., Kharb et al. 2009), and quasars (e.g.,
Asada et al. 2008; Algaba 2013; Gabuzda et al. 2015).
Furthermore, general relativistic magnetohydrodynamic
simulations of AGN jets showed that the combination of
the rotation of the jet base and the outflow leads to the
generation of a helical field and associated Faraday rota-
tion gradients (Broderick & McKinney 2010). If helical
magnetic fields pervade in the jet sheaths and if they are
the main contributor of the observed RMs as speculated
in Section 4.3), the sign of RMs would be determined by
whether θΓ is larger or smaller than 1, as explained in
O’Sullivan & Gabuzda (2009a).
As noted in Section 3.1.3, a strong flare at multi-
ple wavelengths occurred during our KVN observations
(Raiteri et al. 2017). Flares in blazars are usually as-
sociated with new VLBI components emerging from the
cores (e.g., Savolainen et al. 2002). The flare in CTA
102 would then likewise be connected to newly ejected
VLBI components. Jorstad et al. (2005) found θ = 2.6◦
and Γ = 17.2 for CTA 102, which yields θΓ = 0.78. If
there is bending and/or acceleration or deceleration of
the ejected component, changes of θΓ across the value
θΓ = 1 can occur and the sign of RM reverses. Assum-
ing scenario (i) or (ii) as mechanism behind the sign re-
versal requires coincidence with the recent strong flaring
activity of this source. Furthermore, scenario (iii) can
be related to flaring since a new jet component might
lead to temporal increase of the relative contribution of
the inner field to the outer field in the magnetic tower
model. However, in this case it is difficult to explain the
observation of similar RM magnitudes in the two epochs
(a few times 104 rad/m2 for CTA 102); the relative con-
tributions by the inner and outer magnetic fields to the
observed RMs must be almost exactly opposite in differ-
ent epochs, which, again, would be a coincidence (but see
Lico et al. 2017 for the case of Mrk 421 which supports
this scenario). Therefore, we conclude that scenario (iv)
provides the most natural way to explain the observed
sign change in RMs of CTA 102 as it does not require
substantial changes in the physical properties of the jets.
Our interpretation is also consistent with modelling the
multi-wavelength flare in this source in late 2016 with a
twisted inhomogeneous jet (Raiteri et al. 2017). We note
that bending and acceleration/deceleration of blazar jets
are quite common indeed (e.g., Lister et al. 2013).
4.5. Optical subclasses
Phenomenologically, blazars can be divided into two
classes based on their optical properties: FSRQs and
BLOs. Previous studies showed that FSRQs tend to have
higher RMs than BLOs (Zavala & Taylor 2004; Hovatta
et al. 2012). We collected all available core RM values
from all frequency pairs and present the distributions
of the (logarithmic) RMs of FSRQs and BLOs in Fig-
ure 6. The median RM values are 1.2× 104 rad/m2 and
4.8 × 103 rad/m2 for FSRQs and BLOs, respectively –
the value for FSRQs is higher than that for BLOs by a
factor close to three. However, a Kolmogorov-Smirnov
test (Press et al. 1992) finds a probability of 7% that the
FSRQ and BLO values are drawn from the same par-
ent population. Therefore, it is possible that their RM
properties are intrinsically the same.
In Section 4.3, we claimed that the observed Faraday
rotation mostly originates from jet sheaths. Relatively
slow, possibly non-relativistic winds launched by an ac-
cretion disk that surround and confine the highly rela-
tivistic jet spine are one of the candidates for a jet sheath
(e.g., De Villiers et al. 2005). A fundamental difference
between FSRQs and BLOs is their accretion luminosities
relative to their Eddington luminosities, above and below
≈ 1%, respectively (e.g., Ghisellini et al. 2011, see also
Potter & Cotter 2015 for further discussion). This sug-
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Fig. 6.— Histograms of the logarithmic absolute values of RMs
of FSRQs (blue) and BLOs (red). Median values are indicated by
vertical dashed lines and noted at the top right. We omitted RM
values consistent with zero (within 1σ). All the RM values are
rest-frame values.
gests that sources in high accretion states tend to have
larger RMs. A simple explanation would be that high
accretion rates lead to relatively larger amounts of mat-
ter in jet sheaths. There is indeed evidence for a relation
between the rate of matter injection into the jet and the
accretion rate (e.g., Ghisellini et al. 2014; Park & Trippe
2017), supporting this idea. However, the strength and
degree of ordering of core magnetic fields as function of
blazar subclass are poorly understood yet; the difference
in RM may not be solely due to the difference in particle
density.
4.6. Intrinsic polarization orientation
Intrinsic EVPAs (projected onto the sky plane) of
AGN jets can be obtained by correcting for Faraday ro-
tation. It has been consistently shown that BLOs have
intrinsic EVPAs well aligned with their jets, while a wide
range of angles between EVPAs and jet orientations,
sometimes seen as double-peaked distribution of relative
angles, is observed for FSRQs (e.g., Lister & Homan
2005; Jorstad et al. 2007). The good alignment and
the mis-alignment were associated with a transverse or
oblique shock and a conical shock, respectively (Jorstad
et al. 2007). These results, however, used RMs obtained
from a single λ2 law description of EVPA variation be-
tween 7 and 1 mm. The RM values were of the order
104 rad/m2.
However, our results show that there is a possi-
bility that the core RMs of blazars can increase up to
≈ 106 rad/m2 at ≈ 250 GHz (Figure 2). The possible
difference in core RM between FSRQs and BLOs, dis-
cussed in Section 4.5, suggests that it is easier for FS-
RQs to have high core RMs up to ≈ 106 rad/m2 than for
BLOs – unless the transition frequency for BLOs is much
larger than for FSRQs, which seems not to be the case
(Figure 2). Even at 1 mm, the high RM of ≈ 106 rad/m2
leads to an EVPA rotation of ≈ 57 deg. Therefore, one
needs to take the frequency dependence of RM into ac-
count – especially for FSRQs – when comparing the in-
trinsic EVPAs at mm wavelengths with the direction of
the inner jet. However, FSRQs are unlikely to have in-
trinsic EVPAs aligned with their jets (see also Yuan et
al. 2001; Gabuzda et al. 2006; Hovatta et al. 2016) even
after correcting for Faraday rotation; even their optical
EVPAs, which do not suffer from strong Faraday rota-
tion, show bimodal distributions in the angles between
jets and EVPAs (Jorstad et al. 2007, see also Lister &
Smith 2000).
We observe RMs to increase with increasing fre-
quency, meaning that intrinsic core EVPAs are differ-
ent for different observing frequencies. Such a frequency
dependence implies that polarized emission observed at
higher frequencies comes from regions closer to the jet
base. This indicates that intrinsic EVPAs can vary with
distance from the jet base. A similar behaviour has been
observed for a few sources in other studies. O’Sullivan
& Gabuzda (2009a) found that the jet of BL Lac shows
EVPAs well aligned to the jet direction in inter-knot re-
gions and even when the jet bends. Go´mez et al. (2016)
showed that their high resolution polarization image of
the same source shows smooth but non-negligible varia-
tions of EVPA upstream and downstream from the core.
Both results were interpreted as the presence of helical
magnetic fields in the jet. Similarly, different intrinsic
EVPAs at different frequencies might imply the presence
of helical magnetic fields in the core regions. However,
a firm conclusion requires confirming the frequency de-
pendence of RM at a wide range of observing frequencies
with both short and long λ2 spacings (see Section 4.7).
4.7. Multiple recollimation shocks in the cores
Theoretical studies have shown that a series of rec-
ollimation shocks can form in relativistic jets: in analytic
works (e.g., Daly & Marscher 1988), in hydrodynamic nu-
merical simulations (e.g., Go´mez et al. 1995, 1997; Agudo
et al. 2001), and in magneto-hydrodynamic simulations
(e.g., Mizuno et al. 2015; Mart´ı et al. 2016). Obser-
vationally, the presence of stationary features in AGN
jets in addition to their VLBI cores has been verified in
many studies (e.g., Jorstad et al. 2005). Especially, high
resolution images of 3C 454.3 (Jorstad et al. 2010) and
BL Lac (Go´mez et al. 2016) revealed that their cores
may consist of multiple stationary components. For BL
Lac, emission upstream the radio core, leading to multi-
wavelength flares when it passes through the core, was
observed (Marscher et al. 2008; Go´mez et al. 2016); this
supports the idea that the core can be identified with one
of a series of recollimation shocks (e.g., Marscher 2009).
We found that the EVPA–λ2 relations of our sources
are usually non-linear, instead showing breaks in their
slopes. We obtained the RMs for pairs of adjacent fre-
quencies and discovered that the core RMs systematically
increase with observing frequency. Based on VLBA ob-
servations at 8 different frequencies from 4.6 to 43 GHz,
O’Sullivan & Gabuzda (2009a) showed that breaks in RM
appear frequently, with the best-fit lines in the EVPA–λ2
diagram connecting smoothly over a wide range of fre-
quencies (though not for BL Lac in their sample). In
contrast, Kravchenko et al. (2017) presented large dis-
continuities between the different EVPA–λ2 fits at much
lower frequencies (between 2 and 5 GHz). Therefore, one
might expect that potential discontinuities in EVPA ro-
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tations might not be substantial at mm wavelengths and
the assumption underlying our analysis – no RM discon-
tinuities – might be justified.
Furthermore, these studies showed that core EVPA
rotations could be fitted well by a λ2 law in some fre-
quency ranges, then breaks, and then shows another
good λ2 fit in other frequency ranges (e.g., O’Sullivan &
Gabuzda 2009a; Kravchenko et al. 2017). Other studies
obtained good λ2 fits for the core EVPA rotations in most
cases when they used relatively small frequency intervals,
e.g., 8–15 GHz (e.g., Zavala & Taylor 2004; Hovatta et al.
2012). This indicates that polarized emission from a sin-
gle emission region is dominant over relatively small fre-
quency intervals, without showing a systematic increase
of RMs as a function of frequency. However, over a wide
range of frequencies, the RM–frequency relations appear
to show multiple breaks; this implies that |RM| ∝ νa
predicted by Jorstad et al. (2007) assuming a continu-
ous core-shift effect might not hold for narrow frequency
intervals. One possible explanation is that blazar cores
actually consist of multiple recollimation shocks and we
observe polarized emission from one of the shocks in a
given narrow frequency interval. As one goes to higher
frequencies, polarized emission from inner shocks close to
the jet base becomes more dominant due to lower opac-
ity, leading to another good λ2 fit with higher RMs.
5. CONCLUSIONS
We studied polarization properties of 8 blazars – 5
FSRQs and 3 BLOs with multi-frequency simultaneous
observations with the KVN at 22, 43, and 86 GHz. We
investigated the nature of blazar radio cores by means
of measuring Faraday rotation measures at different ob-
serving frequencies. Our work leads us to the following
principal conclusions:
1. We found that RMs increase with frequency, with
median values of 2.62 × 103 rad/m2 and 1.42 ×
104 rad/m2 for the frequency pairs 22/43 GHz and
43/86 GHz, respectively. These values are also
higher than those obtained by Hovatta et al. (2012)
at 8.1–15.4 GHz for the same sources. The median
values are described well by a power-law function
with |RM| ∝ νa with a = 2.42. When a values are
obtained separately for each source, they are dis-
tributed around a = 2 with mean and standard de-
viation of a = 2.25 ± 1.28. This agrees with the
expectation from core-shift (Jorstad et al. 2007) for
many blazars at the KVN frequencies. This finding
implies that the geometry of Faraday rotating media
in blazar cores can be approximated as conical.
2. We compared our KVN data with contemporaneous
(within ≈ 1 week) optical polarization data from the
Steward Observatory for a few sources. When we as-
sume that the direction of EVPA rotation at radio
frequencies is the same at optical wavelengths and
that there is no npi ambiguity, the optical data show
a trend of EVPA rotation similar to that of the radio
data. The RM values obtained with the optical data
indicate that the power-law increase of RM with fre-
quency continues up to a certain frequency, νtrans,
and then saturates, with |RM| ≈ 105−6 rad/m2 at
≈ 250 GHz, depending on source and flaring activ-
ity. We suggest that this saturation is due to the ab-
sence of core shift above νtrans; instead, radio cores
are standing recollimation shocks. This is in agree-
ment with other studies which concluded that the
radio cores of blazars cannot purely be explained as
the unity optical depth surface of a continuous con-
ical jet but are physical structures at least in some
cases.
3. We detected a sign change in the observed RMs
of CTA 102 over ≈ 1 month, while the magni-
tudes of RM were roughly preserved. Since this
source showed strong flaring at the time of our ob-
servations, we suggest that new relativistic jet com-
ponents emerging from the core undergo accelera-
tion/deceleration and/or jet bending, thus leading
to a change in the direction of the line-of-sight com-
ponent of helical magnetic fields in the jet because
of relativistic abberation.
4. We found indication that the absolute values of the
core RMs of FSRQs are larger than those of BLOs
at 22–86 GHz, which is consistent with results found
at cm wavelengths. This difference might arise from
FSRQs having higher accretion rates than BLOs,
resulting in larger amounts of material in the central
engine.
5. For those sources which show non-linear EVPAs–
λ2 relations, the RM-corrected (intrinsic) EVPAs
might be different at different frequencies and thus
at different locations of the jets. A recent ultra-
high resolution image of BL Lac observed with space
VLBI shows that its intrinsic EVPAs in the core re-
gion vary with different locations indeed.
6. We suggest that the systematic increase of RM as
function of observing frequency appears only when
covering sufficiently large ranges in frequency, with
different λ2 laws at different frequency ranges con-
necting smoothly. Combining this with the fact that
linear EVPA–λ2 relations are commonly observed
over narrow frequency ranges suggests that blazars
cores might consist of multiple recollimation shocks
such that polarized emission from one of the shocks
is dominant in a given narrow frequency range.
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APPENDIX
D-TERM CALIBRATION AND EVOLUTION
We show examples of calibration of instrumental polarization in Figure 7. The calibrated complex visibility ratio,
LR/LL with L and R referrring to left and right hand circular polarization, respectively, from the calibrator sources
used for D-term calibration of our 2017 January data is shown on the complex plane. KVN antennas are on alt-azimuth
mounts and instrumental polarization does not (usually) change over time as antennas change the direction of pointing.
Target parallactic angles change over time, causing the polarization signal received by the alt-az antennas to vary.
Since we perform parallactic angle correction in the early stage of data pre-processing, the polarization signal intrinsic
to the target remains constant in the LR/LL plane while the instrumental polarization signal rotates with parallactic
angle. Therefore, the rotation of the visibility ratio on the complex plane in Figure 7 is (mostly) due to instrumental
polarization. See Roberts et al. (1994) and Aaron (1997) for details of instrumental polarization calibration.
Amplitudes and phases of D-terms can be derived from the rotating pattern by assuming that the center of rotation
does not vary with time. This is true only when (i) the antenna D-terms do not vary during the observation, which
is true in most cases, and (ii) the calibration sources are either unpolarized or are polarized but spatially un-resolved.
As we have 6 independent visibility ratios from three baselines and 6 unknown D-terms for three antennas and two
polarizations, solutions of D-terms can be obtained from fitting the pattern observed in the complex plane.
The green and red lines in the left and the central panels of Figure 7 correspond to the expected LR/LL variation
caused by the D-terms of two antennas, as obtained from the AIPS task LPCAL. The blue lines are the sum of
contributions of the two D-terms, which is in good agreement with the data. The right panels show the visibility ratio
after the D-term correction; the data are clustered around fixed points which mark polarization signals intrinsic to the
target AGNs. The scatter is mostly due to thermal noise in the data; the noise becomes larger at higher observing
frequencies.
Even precise D-term measurements may be affected by substantial systematic errors like non-stationary centers
of rotation in the complex plane. Our calibrator sources are not perfectly un-polarized (or are polarized with sub-
structure), and the D-terms may not always be constant during an observation run. We can estimate the errors on the
D-terms by comparing the values obtained from different instrumental polarization calibrators as we did in Figure 8.
We use the standard devations of the D-terms obtained using different calibrators as errors. The errors are usually
less than 1–2% but sometimes up to 3%. These errors will be transferred to the polarization quantities we used in our
analysis and we considered these errors as described in Section 2.
The D-terms of the VLBA antennas are known to vary only on timescales of months or longer (e.g., Go´mez et
al. 2002). In Figure 9 we check the stability of the KVN D-terms; their amplitudes seem to be mostly stable over
≈ 4 months but sometimes show non-negligible variability. Their standard deviations are usually less than 1–2% – in
agreement with the formal errors of the D-terms.
RELIABILITY CHECK OF KVN POLARIMETRY
Thanks to the extensive monitoring of blazars, specifically by the MOJAVE program at 15 GHz and the VLBA-
BU program7 at 43 GHz, we could check if our KVN maps are consistent with contemporaneous VLBA images. We
picked 3C 273, which shows complex jet structure in both total intensity and polarization and thus is not used for our
analysis of blazar cores, as reference source and compared (a) our KVN 22 GHz data observed on 2016 December 9
with the MOJAVE 15 GHz data observed one day after, (b) our KVN 43 GHz data observed on 2016 December 10
with the BU data observed on 2016 December 24, and (c) our KVN 86 GHz data observed on 2016 December 10 with
the BU data in Figure 10. The top panels show polarization maps generated from the KVN and VLBA data next to
each other. The VLBA maps are convolved with the corresponding KVN beam.
The VLBA and KVN distributions of fractional jet polarization at 15 GHz and 22 GHz, respectively, are in
good agreement with each other, showing higher degrees of polarization – up to ≈ 70% – at the northern edge of
the jet located ≈ 10 mas from the core. Likewise, the 43-GHz VLBA and KVN data are consistent with each other
except that the KVN maps show more polarized emission in the outer jet, i.e., ≈ 10 mas from the core. This might
be because there is a time gap of ≈ 2 weeks between the observations and/or the KVN has only short baselines
(with the maximum baseline length less than 500 km) and thus is more sensitive to the extended emission. However,
7 https://www.bu.edu/blazars/VLBAproject.html
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Fig. 7.— Left: Visibility ratio LR/LL at 22, 43, and 86 GHz (top to bottom panels) for the baseline Tamna–Yonsei in January 2017 on
the complex plane. The plots include: observed ratios (black data points); expected visibility ratios due to instrumental polarization for the
Tamna (red) and Yonsei (green) antennas; sum of the ratios from the two antennas (blue). Center: Same as the left panels but with data
being binned in time. Right: Visibility ratios after instrumental polarization calibration. Purple dots mark the centers of distributions.
the 86 GHz KVN map shows an additional polarization component near the core region, while the 43 GHz VLBA
map does not have such a component but has an extended polarization near the core from the inner jet polarization
component (at ≈ 1 mas from the core) by convolution of a large beam. Interestingly, the core of this source is usually
unpolarized (e.g., Jorstad et al. 2005; Attridge et al. 2005; Hada et al. 2016), which has been attributed to strong
Faraday depolarization or intrinsically very low polarization at the core. Its inner jet components at . 1 mas from
the core show |RM| ≈ a few× 104 rad/m2 (Attridge et al. 2005; Jorstad et al. 2007; Hada et al. 2016). Therefore, our
result might indicate a detection of core polarization of 3C 273 at 86 GHz presumably because of less depolarization
at higher frequency. We will verify this possibility in a forthcoming paper with more data at 86 and 129 GHz (Park
et al. in preparation).
The bottom panels of Figure 10 show EVPA and degree of polarization as a function of λ2 at a few locations in
the jet marked in the top panels. The 15-GHz VLBA and 22-GHz KVN results are, to first order, consistent with each
other but show non-negligible differences. This might be due to Faraday rotation with a RM of a few hundred rad/m2
in the jet, as reported by many other studies (e.g., Hovatta et al. 2012) and possibly different polarization structure
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Fig. 9.— D-terms amplitudes as function of time. Means and standard devations are noted on the bottom left of each panel.
in the jet at different frequencies. The VLBA and KVN data at 43 GHz are consistent with each other within errors,
especially when considering the time gap of ≈ 2 weeks. Similarly, The VLBA 43 GHz and KVN 86 GHz data are in
agreement with each other for the inner jet component at ≈ 1 mas from the core, taking into account the time gap
and the small rotation measure. Therefore, we conclude that the polarimetry mode of KVN is reliable.
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